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We show for the first time that the azimuthal angle between a vector boson and a jet, when using
the Winner-Take-All recombination scheme, can be predicted at high precision in the back-to-back
limit in the transverse plane. Specifically, we present a factorization theorem, and obtain numerical
predictions at next-to-next-to-leading logarithmic (NNLL) accuracy. To allow for improved angular
resolution, we provide results for track-based jet reconstruction, which only requires minimal changes
in the calculation. We also find that linearly-polarized transverse momentum dependent (TMD)
beam and jet functions enter at next-to-leading order (NLO) in the factorization theorem, originating
from spin superpositions for one gluon, rather than the known case of spin correlations between
gluons. We validate the switch from calorimetry to tracks using Pythia, and confirm the presence
of linearly-polarized TMD functions using MCFM.
Introduction. – At hadron colliders, the production of
an electroweak boson recoiling against a jet constitutes
one of the simplest processes beyond the 0-jet case, and
one of the overall simplest to involve all gauge sectors
of the Standard Model (SM). It is a process relevant for
many SM investigations (e.g. to control b-tagging for tt¯
measurements [1]), and is an important process to inves-
tigate medium effects in heavy-ion collisions [2, 3]. A
thorough theoretical understanding of these processes is
therefore of significant importance.
While the beam-jet-boson system is planar at lead-
ing partonic order, additional (primarily QCD) radiation
lifts this planarity (see Fig. 1) and decorrelates [4–7] the
azimuthal orientation of jet and boson, which has been
measured at ATLAS and CMS [8–11]. Near the back-to-
back limit, the initial and final state QCD radiation is
necessarily soft or collinear to the beams or the jet, and
gives rise to large logarithms, which can be resummed us-
ing Soft-Collinear Effective Theory (SCET) [12–16]. The
purpose of this Letter is to investigate this azimuthal an-
gular decorrelation at NNLL accuracy using the Winner-
Takes-All (WTA) recombination scheme [17, 18] for the
jet.
Using the WTA axis both simplifies the factorization
by significantly reducing the dependence on soft recoil
effects [19], and allows us to achieve NNLL accuracy in
the first place: non-global logarithms (NGLs) appear as
new NLL effects when using the standard jet axis [20],
but they are absent for the WTA axis.
To avoid being hamstrung by the poorer angular reso-
lution of the calorimetry-based jet reconstruction, when
compared to the inner detectors’ tracking system, we also
make use of track functions [21, 22] to reconstruct jets
solely from charged hadrons. We find that the switch
to tracks merely requires us to change a constant in the
factorization theorem: The matching correction for the
jet function.
Finally, we find that the broken rotational symmetry
around the beam axis forces us to include linearly polar-
ized transverse-momentum-dependent (TMD) beam and
jet functions in the factorization theorem at NLO when
producing electroweak vector bosons with non-zero vir-
tuality. This is somewhat unexpected for a leading hard
process involving only one external gluon (in contrast to
the known case of gluon fusion [23]), and represents to
our knowledge the first time a linearly-polarized jet func-
tion appears.
Factorization. – The azimuthal angle ∆φ between
the vector boson (V ) and the jet (J) is directly related
to the component px,V of the vector boson transverse
momentum (with respect to the beams) which is per-
pendicular to the plane defined by the colliding beams
(labelled a, b) and the jet axis, see Fig. 1. Explicitly,
pi − ∆φ ≡ δφ ≈ sin(δφ) = |px,V |/pT,V , where we intro-
duce δφ such that the back-to-back limit corresponds to
δφ → 0. Momentum conservation along this direction
implies
px,a + px,b + px,J + px,S + px,V = 0 , (1)
where px,a, px,b (px,S) originate from collinear (soft)
initial- (initial- and final-) state radiation, and a non-zero
jet contribution px,J arises because the jet momentum
and axis are not aligned for the WTA axis [18]. Writing
this momentum conservation in terms of the Fourier con-
jugate variable bx, we obtain the following factorization
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2FIG. 1. The azimuthal angle between the vector boson (green)
and jet axis (blue) is related to the momentum of the vector
boson px,V transverse to the colliding protons (red) and jet.
Collinear initial (purple) and final-state (blue) radiation and
soft radiation (pink) is also shown.
theorem in SCET
dσ
dpx,V dpT,J dyV dηJ
(2)
=
∫
dbx
2pi
eipx,V bx
∑
i,j,k
Bi(xa, bx)Bj(xb, bx)Sijk(bx, ηJ)
×Hij→V k(pT,V , yV − ηJ)Jk(bx)
[
1 +O
( p2x,V
p2T,V
)]
,
where we suppressed the dependence on the renormaliza-
tion scales. Here, yV (ηJ) denote the (psuedo)rapidity
of the vector boson (jet), the sum on i, j, k runs over
the partonic channels (including linearly-polarized gluon
beam and jet functions), and the hard function Hij→V k
describes the short-distance scattering. The contribu-
tion to px,V from collinear initial- and final-state radi-
ation and soft radiation is encoded in the (standard)
TMD beam functions Bi,j , the TMD jet function Jk
and the soft function Sijk, which will be discussed in
more detail below. The momentum fractions are given
by xa,b = [exp(±yV )
√
m2V + p
2
T,V + exp(±ηJ)pT,V ]/
√
s,
where
√
s is the center-of-mass energy. Because we use
the WTA recombination scheme, the effect of soft ra-
diation is power suppressed in the jet algorithm. Con-
sequently, soft radiation is not treated differently inside
or outside the jet and only leads to the total recoil in
Eq. (1) [24], eliminating NGLs [20] that limit the accu-
racy to NLL for the standard jet definition, see also [4].
(The situation is more complicated for ~qT = ~pT,V + ~pT,J ,
which involves a large cancellation, unlike δφ.) In prin-
ciple, Eq. (2) may receive corrections from factorization
violating effects [25–28], which can be systematically ac-
counted for in SCET using a Glauber mode [29]. Per-
turbative Glauber contributions are beyond the order we
consider, and nonperturbative considerations are left for
future work.
Resummation. – Eq. (2) enables the resummation of
large logarithms by separating the physics at different
scales. The collinear (beam and jet) and soft ingredients
in Eq. (2) have the same virtuality and are only sepa-
rated in rapidity. This requires a rapidity regulator, for
which we adopt the η-regulator [30, 31], leading to ra-
pidity divergences of 1/η and a corresponding evolution
in the rapidity renormalization scale ν that sums (large)
rapidity logarithms. (For other choices of rapidity regu-
lators, see e.g. [32–38].) By evaluating the ingredients in
Eq. (2) at their natural scales
µH ∼ νB ∼ νJ ∼ pT,V ∼ mV ,
µB ∼ µJ ∼ µS ∼ νS ∼ 1/|bx| , (3)
and evolving them to a common scale using the (rapid-
ity) renormalization group, the logarithms of δφ are re-
summed. In this Letter we will present numerical re-
sults at NNLL accuracy, which requires the ingredients
in Eq. (2) at one-loop order, their anomalous dimensions
at two-loop order [39–44] and the cusp anomalous dimen-
sion at three-loop order [39, 45]. We note that the anoma-
lous dimensions for the linearly-polarized beam and jet
functions are the same as their unpolarized counterparts.
Furthermore, most of the ingredients for N3LL resumma-
tion are available.
Ingredients. – For our NNLL predictions we need the
hard function in Eq. (2) at one-loop order [46, 47], and
a new contribution multiplying linearly-polarized gluon
beam [48] and jet functions that we calculate here at
leading order:
HLij→V k =
xaxbpT
8pisˆ2
∣∣ML(ij → V k)∣∣2 (4)
with∣∣ML(qg → V q)∣∣2 = 32pi2αemαse2q
Nc
uˆm2V
sˆtˆ
, (5)
∣∣ML(qq¯ → V g)∣∣2 = −32pi2αemαse2q(N2c − 1)
N2c
sˆm2V
uˆtˆ
.
Eq. (5) is for the photon, and for the Z boson
e2q →
1− 4|eq| sin2 θW + 8e2q sin4 θW
8 sin2 θW cos2 θW
. (6)
The Mandelstam variables in the hard function are
sˆ = m2V + 2p
2
T,V + 2pT,V
√
m2V + p
2
T,V cosh(ηJ − yV ) ,
tˆ = −p2T,V − pT,V
√
m2V + p
2
T,V exp(ηJ − yV ) ,
uˆ = −p2T,V − pT,V
√
m2V + p
2
T,V exp(yV − ηJ) . (7)
3In Eq. (2) a HL gets accompanied by one linearly-
polarized gluon beam or jet function. Since these start
at order αs, we only need the LO of HL. Interestingly,
the linearly-polarized contributions enter the cross sec-
tion already at NLO, instead of NNLO for Higgs produc-
tion [23, 49]. This is the first time a linearly-polarized jet
function appears, which we discuss in more detail below.
Up to order α2s, the soft function Sijk can be deter-
mined from the standard TMD soft function S [43, 44,
50]. For exchanges involving only two Wilson lines, we
can perform a boost to make them back-to-back. Simi-
lar to [51], our observable is perpendicular to the boost,
so only the rapidity regulator is affected (see e.g. [52]),
yielding
S
(1)
ijk(bx, ηJ , µ, ν) = −
∑
i<j
Ti ·TjS(1)
(
bx, µ, ν
√
ni ·nj/2
)
,
S
(2)
ijk(bx, ηJ , µ, ν) = −
∑
i<j
Ti ·TjS(2)
(
bx, µ, ν
√
ni ·nj/2
)
+
1
2
[
S
(1)
ijk(bx, ηJ , µ, ν)
]2
. (8)
The color factors are Tq ·Tq¯ = 16 and Tq ·Tg = Tq¯ ·
Tg = − 32 , and na ·nb = 2, na,b ·nJ = 1 ∓ tanh ηJ . The
contribution involving exchanges between three Wilson
lines vanishes due to color conservation [53].
The beam functions describe the transverse momen-
tum of the colliding hard parton with respect to the beam
axis (subscript T ) due to collinear initial-state radiation.
They have a perturbative matching onto PDFs
Bi(x,~bT , µ, ν) =
∑
j
∫
dx′
x′
Iij
( x
x′
,~bT , µ, ν
)
fj(x
′, µ)
× [1 +O(~b 2TΛ2QCD)] , (9)
and the matching coefficients are known at two-loop [42,
44, 54–57] and partially at three-loop order [58, 59]. In
Eq. (2), we take ~bT = (bx, 0).
We recalculated the TMD jet functions [24, 60] using
the η-regulator, taking δφ R, which removes all depen-
dence on the jet radius. In this limit the momentum of
the initial parton is contained in the jet, which simplifies
its expression. Writing Ji = 1 + αs/(4pi)J
(1)
i + . . . ,
J (1)q (~b⊥, µ, ν) = CF
[
Lb
(
3 + 4 ln
ν
ω
)
+ 7− 2pi
2
3
− 6 ln 2
]
,
J (1)g (~b⊥, µ, ν) = CA
[
Lb
(11
3
+4 ln
ν
ω
)
+
131
18
− 2pi
2
3
− 22
3
ln 2
]
+ TFnf
[
−4
3
Lb − 17
9
+
8
3
ln 2
]
, (10)
where Lb = ln(~b
2
⊥µ
2e2γE/4) and ω = 2pJT cosh ηJ . Here
b⊥ is transverse to the jet axis, and in Eq. (2) we take it
also perpendicular to the beams with |~b⊥| = |bx|.
Linearly-polarized gluon jet function. – The linearly-
polarized jet function is defined as
J Lg (~b⊥, µ, ν) (11)
=
[
1
d− 3
( gµν⊥
d− 2 +
bµ⊥b
ν
⊥
~b 2⊥
)]2(2pi)d−1ω
N2c − 1
× 〈0|δ(ω − n¯·P)δd−2(P⊥)Ban⊥µ(0)ei~b⊥·~ˆk⊥Ban⊥ν(0)|0〉 .
It differs from the standard jet function by the factor in
square brackets (which is otherwise −gµν⊥ /(d− 2)). Tak-
ing ~nJ to indicate the jet direction, we introduce light-
cone vectors nµ = (1, ~nJ) and n¯
µ = (1,−~nJ), with ⊥
transverse to both. Ban⊥µ is the collinear gluon field,
which includes a collinear Wilson line to ensure gauge
invariance. The initial momentum of the field is fixed by
the delta functions involving the (label) momentum oper-
ator P. The transverse momentum corresponding to the
displacement of the WTA axis with respect to this initial
momentum is picked out by the operator ~ˆk⊥. The first
non-vanishing order of Eq. (11) is one loop, for which we
obtain
J L(1)g (~b⊥, µ, ν) = −
1
3
CA +
2
3
TFnf . (12)
Since this is the first nontrivial order, it yields the same
result for other recoil-insensitive axes.
Fig. 2 validates our factorization theorem at NLO,
highlighting the need to include linearly-polarized gluon
beam and jet functions. It shows the difference be-
tween the cross section obtained using our factorization
in Eq. (2) and MCFM at NLO, with a cut δφ < δφcut.
This difference should vanish in the limit δφcut → 0, but
only does so when including the linearly-polarized gluon
beam and jet function. (Note that the linearly-polarized
contributions are not visible in the cross section differen-
tial in δφ.) The left panel shows the contribution involv-
ing qq PDFs, which only involves linearly-polarized beam
functions, and in the right panel we focus on the nf de-
pendent contribution from qq¯ PDFs, to provide evidence
for the linearly-polarized jet functions.
Track-based measurement. – The angular resolution of
jet measurements is about 0.1 radians, due the size of the
calorimeter cells, limiting the access to the resummation
region. This can be overcome by measuring the jet us-
ing only charged particles, exploiting the superior angu-
lar resolution of the tracking systems at the LHC. Here
we identify another advantage of the WTA axis: since
the effect of soft radiation on the jet algorithm is power
suppressed, switching to a track-based measurement only
modifies the jet function. (Note that pT,J and ηJ do not
require a fine angular resolution and are therefore mea-
sured on the full jet.) Consistency of the factorization
theorem in Eq. (2) then implies that this track-based
jet function J¯ has the same anomalous dimension. We
reach the same conclusion by a direct calculation using
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FIG. 2. Difference between the singular cross section in Eq. (2) and the cross section from MCFM at NLO with a cut δφ < δφcut.
Shown are the contribution from qq (left) and qq¯ (right) PDF flavors. Jets are identified by anti-kT algorithm with R = 1 and
the leading jet fulfills pT,J > 60 GeV and |ηJ | < 2. In the right plot we only consider NLO corrections proportional to nf .
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FIG. 3. Predictions from Pythia for the azimuthal angle
between the vector boson and jet, using all particles (green)
or only charged particles (blue dotted).
track functions [21, 22]. Explicitly, the difference in the
one-loop constant for the quark jet function is
J¯ (1)q =J
(1)
q + 4CF
∫ 1
0
dx
1 + x2
1− x ln
x
1− x
∫ 1
0
dz1 Tq(z1, µ)
×
∫ 1
0
dz2 Tg(z2, µ)[θ(z1x− z2(1− x))− θ(x− 12 )] ,
(13)
in terms of the track functions Ti(z, µ). The change re-
flects the possibility of a hadronization mismatch in the
WTA recombination: The losing (in WTA sense) par-
ton may hadronize into the winning tracks. The expres-
sion for the gluon jet function involves the appropriate
replacement of the splitting functions, and there is no
modification to the linearly-polarized gluon jet function
at order αs. We have verified using Pythia 8.2 [61] that
using tracks only has a minimal effect on this measure-
ment, see Fig. 3. For the standard jet axis, this difference
is larger [62]. The conclusions reached here also apply
to other angular measurements, such as in [24, 51, 60].
Recently, the ease of track functions for purely collinear
measurements was demonstrated [63].
Resummed predictions. – We obtain predictions in
Fig. 4 for the LHC with
√
s = 13 TeV, using the fac-
torization formula in Eq. (2). Jets are identified by the
anti-kT clustering algorithm with R = 0.5 and the WTA
recombination scheme, and we require that the leading
jet fulfills pT,J > 60 GeV and |ηJ | < 2. The electroweak
parameters are αem = 1/132.34, cos θW = 0.88168 and
mZ = 91.1876 GeV, and we use the CT14nlo parton dis-
tribution functions [64] with αs(mZ) = 0.118.
We show our resummed predictions in Fig. 4 at
NLL+NLO and NNLL+NLO order, and compare to the
NLO cross section obtained from MCFM. For our cen-
tral curve we take µH =
√
p2T,V +m
2
V , νS = µB =
2e−γE/|bx|, νBa,b = xa,b
√
s and νJ = ω. We estimate
the perturbative uncertainty by varying µB and µH by
a factor two around their central values, taking the en-
velope of the scale variations. The uncertainty bands of
the NLL and NNLL predictions overlap, and are sub-
stantially reduced for the NNLL in the resummation re-
gion ∆φ >∼ 170◦. While the resummed predictions go to
a constant in the back-to-back limit, the NLO becomes
unreliable due to unresummed logarithms. At very low
values of px,V , the scale µB hits the Landau pole. To
avoid this unphysical behaviour, we apply b∗-prescription
b → b∗ = b/√1 + b2/b2max [65]. On the other hand, for
∆φ <∼ 160◦ the fixed-order corrections are important.
These are included by matching to the NLO using a
transition function, as in e.g. [66]. We also compare to
Pythia, including the NLO K-factor of 1.6. The differ-
ence in shape for ∆ >∼ 170◦ is not significant, given the
size of the NLL uncertainty band (a reasonable proxy for
the Pythia uncertainty). We have verified that this is
not due multiparton interactions or hadronization effects,
which have a minimal effect on this observable.
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FIG. 4. Our resummed prediction for the cross section dif-
ferential in the azimuthal angle at NLL+NLO (red) and
NNLL+NLO (blue), compared to the NLO cross section from
MCFM (green) and Pythia at hadron level (black).
Conclusions. – In this Letter we present the first pre-
diction of the azimuthal angular distribution in boson-jet
production at NNLL accuracy. Such high theoretical pre-
cision is achieved by the use of a recoil-free jet axis in the
azimuthal angle definition, ensuring that non-global log-
arithms are absent. We demonstrate, using simulations
at truth particle level, that measuring this angle using
charged tracks, to exploit the finest angular resolution,
yields almost exactly the same distribution as when us-
ing all the jet particles. Our theoretical predictions are
based on the factorized expression, derived in SCET, in-
volving TMD beam and jet functions. This factorization
is checked at NLO by comparing to MCFM, verifying
the necessity of including linearly-polarized TMD distri-
butions.
Our work thus establishes a promising channel for pre-
cision studies of transverse momentum distributions in
initial and final states of high energy collisions. This
is intimately related to TMD PDFs and fragmentation
functions in the literature, describing the nonperturba-
tive regime bT ∼ 1/ΛQCD, where the perturbative match-
ing in Eq. (9) fails. However, the soft function is differ-
ent compared to e.g. Drell-Yan, and so one cannot sim-
ply absorb it into the TMD parton distribution, as is
customary [35, 37]. It is interesting to consider polar-
ization effects from initial and final states. Besides, our
work also serves as a baseline for pinning down the inner-
working of the QCD medium produced in heavy-ion col-
lisions [5], where the use of a recoil-free axis will be even
more important to suppress effects from the huge under-
lying event background. All these intriguing questions
are left for future research.
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